Abstract: In this study, we examined the local dynamics of acidic fibroblast growth factor (FGF-1) as well as the binding sites of various polyanions including poly-sulfates (heparin and low MW heparin) and poly-phosphates (phytic acid and ATP) using hydrogen-deuterium exchange mass spectrometry (HX-MS). For local dynamics, results are analyzed at the peptide level as well as in terms of buried amides employing crystallographic B-factors and compared with a residue level heat map generated from HX-MS results. Results show that strand 4 and 5 and the turn between them to be the most flexible regions as was previously seen by NMR. On the other hand, the C-terminal strands 8, 9, and 10 appear to be more rigid which is also consistent with crystallographic Bfactors as well as local dynamics studies conducted by NMR. Crystal structures of FGF-1 in complex with heparin have shown that heparin binds to N-terminal Asn18 and to C-terminal Lys105, Tryp107, Lys112, Lys113, Arg119, Pro121, Arg122, Gln127, and Lys128 indicating electrostatic forces as dominant interactions. Heparin binding as determined by HX-MS is consistent with crystallography data. Previous studies have also shown that other polyanions including low MW heparin, phytic acid and ATP dramatically increase the thermal stability of FGF-1. Using HX-MS, we find other poly anions tested bind in a similar manner to heparin, primarily targeting the turns in the lysine rich Cterminal region of FGF-1 along with two distinct N-terminal regions that contains lysines and arginines/histidines. This confirms the interactions between FGF-1 and polyanions are primary directed by electrostatics.
Introduction
The fibroblast growth factors (FGFs) are a family of structurally and functionally conserved protein ligands that regulate a plethora of developmental processes including mitogenesis, angiogenesis, homeostasis, and metabolism. 1 These growth factors signal by associating with a specific tyrosine kinase receptor (FGFR) and heparin sulfate proteoglycans (HSPG) to form a ternary complex on the cell surface. 2 HSPG aids in the formation of the ternary signal transduction complex by linking FGF-1 ligands into a dimer/oligomer that bridges two FGFR chains. 3, 4 Among the FGF family, FGF-1 is unique in that it can stimulate all FGFRs and is consequently a broad specificity human mitogen. 5, 6 For the same reason, FGF-1 is termed the "universal FGFR ligand" and the molecular basis for its broad specificity is attributed to its plasticity in the N terminus region. 7 FGF-1 is a member of the b-trefoil family of proteins, characterized by pseudo-threefold rotational (i.e., C 3 ) symmetry 8, 9 ( Fig. 1) . The overall structure is described by three repeating "trefoil-fold" structural motifs. These motifs are each approximately 42 amino acids in length (with some variation in length between the three motifs). Each motif contains four b-strands: two b-strands of each motif contribute to the overall six-stranded b-barrel architecture, and two b-strands of each motif comprise a b-hairpin. These latter three b-hairpins form a triangular arrangement that pack against the bottom of the bbarrel. The general organization of the primary and secondary structure is shown in Figure 2 . The x-ray crystal structure of FGF-1 has been reported and includes a 2.0 Å resolution structure of the mature 140 amino acid form (crystallizing in space group P2 1 ; PDB accession 2AFG), 10 as well as 1.65 and 1.10 Å resolution structures of an N-terminal 6xHis-tagged form (both crystallizing in space group C222 1 ; PDB accession 1JQZ and 1RG8, respectively). 11, 12 In the non-His-tagged form, the initial N-terminal nine amino acids are not visible in the electron density; whereas, in the His-tagged form there are crystal packing interactions between molecules that structure the N-terminus. In neither crystal form are Cterminal residues 138-140 visible in the electron density. The binding sites of heparin sulfate (HS) on FGF-1 as indicated by crystallographic studies reveals that a high negative charge density HS interacts with positively charged amino acids in the Nterminus (residue 18) and C-terminus region (residues 112-128) of FGF-1. 3, 13 The binding affinity of FGF-1 for HS diminishes significantly on deleting the residues at positions 120-122 on FGF-1 while simultaneously increasing its thermal stability, leading to a function\stability tradeoff.
14 Studies have also suggested that FGF-1 exhibits a foldability-function tradeoff.
15 u-value analysis has
shown that, of the three repeated subdomains, the second half of the first trefoil fold subdomain and most of the second one participate in the folding transition state, essentially forming a core nucleus during protein folding. In contrast, the third trefoil fold subdomain contributes little to the folding transition state (i.e., it folds later in the folding pathway) while possessing a rich set of diverse functionalities including HS affinity. Although crystal structures of FGF-1 in complex with heparin and other polyanions have been solved and clearly identify the binding regions of HS on FGF-1, this approach provides only limited information about the structural dynamics of FGF-1 in solution although crystal temperature factors do provide some indirect information. NMR studies have shown that there is an overall decrease in flexibility of FGF-1 (with the exception of a few residues) upon binding by heparin analogues. 16, 17 Hydrogen-deuterium exchange coupled with mass spectrometry (HX-MS) has the capability of monitoring the back bone dynamics of a protein molecule. Proteins upon incubation in D 2 O solvent exchange their labile hydrogens with deuterium. The hydroxyl, amine and carboxyl of the amino acid residue side chains exchange rapidly and revert back to hydrogen upon exposure to H 2 O during an LC separation. Unlike the side chain hydrogens, many of the amide protons exchange slowly. The differential rates observed provide a measure of the dynamic exposure of different regions of the backbone except for proline which doesn't possess an amide hydrogen. Regions that are more flexible (e.g., loops, turns) exchange rapidly compared to regions that are more rigid (a-helix and b-sheets). A major strength of hydrogen exchange studies lies in its ability to compare two states of a protein (e.g., in the absence and presence of a ligand).
Several studies have been performed using HX-MS to investigate the effects of salts, particular compounds, antimicrobial agents and aggregation on the conformational dynamics of proteins including monoclonal antibodies. [18] [19] [20] [21] Using HX-MS, we have previously reported the location of the binding sites of numerous antibodies including monoclonal and single domain antibodies (V H Hs) on a ricin toxin subunit vaccine antigen RTA*. [22] [23] [24] Here, we use HX-MS to investigate the dynamics of FGF-1 as well as the binding sites of various polyanions including two different forms of heparin and phosphate-containing compounds including ATP and phytic acid. Studies have shown that heparin consisting of at least four monosaccharide units is necessary to stabilize FGF-1 from thermal unfolding. 25 In addition to this observation, a broad variety of anionic species including phosphorylated compounds has been found to bind and stabilize FGF-1 in vitro. 25, 26 It has been established by crystal structures (PDB accession 1E0O) that heparin binds primarily to the C-terminal region of FGF-1. It has also been shown that this heparin binding region folds after crossing the barrier during protein folding which provides a basis for a foldability and functional tradeoff in FGF-1.
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Using HX-MS, along with identifying the binding sites of various polyanions on FGF-1, we also examine the dynamics of FGF-1 alone at the peptide level which is in turn narrowed down to a residue level using redundant peptides that contains overlapping residues. This is compared to the B-factors of the main chain amides from solved FGF-1 crystal structures. Although crystallographic B-factors are derived from the protein in a solid state, they can be expected to reflect internal steric factors and have some relationship to solution protein dynamics. Approximately half of the main chain amides of FGF-1 are in solvent inaccessible environments. The location of solvent excluded main chain amides, and their associated hydrogen-bonding main chain carbonyl partner, are shown in Figure 3 . In HX experiments, it is generally this set of solvent excluded main chain amides that can potentially be protected from rapid exchange. Rapid HX among this set of solvent excluded main chain amides indicates unimpeded solvent penetration which should be afforded by comparatively high structural flexibility at such positions.
Results

Backbone flexibility of FGF-1 without polyanion ligation
With the aim of using HX-MS to locate the contact regions of various polyanions on FGF-1, we first established the backbone flexibility of FGF-1 itself. HX was performed on FGF-1 for 13 s and quenched before being subjected to pepsin digestion and MS analysis as described in materials and methods. In addition, the flexibility of buried amide positions was also investigated and compared with the Bfactors as determined by crystallography. The %HX value for buried amides (heat map color) was calculated as described in the methods section and was assigned to a secondary structure representation of FGF-1 (Fig. 5) .
The effects of polyanions on the local backbone flexibility of FGF-1
Deuterium uptake changes for a peptide segment in the presence of a polyanion can be compared with unliganded FGF-1 to infer alterations in the local backbone flexibility of FGF-1 induced by ligation. In the presence of polyanions, there was either a decrease or no change in HX exchange at various time points. Representative deuterium uptake curves in Figure 6 show the effect of polyanions on the HX kinetics from different regions of FGF-1. For example, all four polyanions produced no change in hydrogen exchange in peptides 74-83 and 47-63. All of the polyanions induce a decrease in hydrogen exchange in the N-terminus region (peptide segment [8] [9] [10] [11] [12] [13] [14] [15] and in peptide segments 98-110 as well as 107-110 of the C-terminus portion of FGF-1.
HX-MS analysis of FGF-1 with bound heparin
HX-MS analysis was performed at six labeling times ranging from 13s to 24 h as shown in Figure 7 (B). Heparin at 0.23 by weight of FGF-1 was used since higher concentrations of heparin suppresses the ionization of FGF-1 peptides. Distinct changes in the rate of HX are seen in the presence of heparin. Shown in Figure 7 (A) are two FGF-1 peptides in which the peptide covering residues from 74 to 84 did not show any changes in the presence of heparin while peptides spanning residues 98-111 show a significant lowering in the exchange rate. Polyanions upon binding to FGF-1 decreases the rate of exchange in the areas of contact and thus represent potential binding sites of that ligand. Exchange rate differences between bound and unbound states were quantified as described previously. 24 The magnitude of protection (DHX) for various time points is shown in Figure 7 of buried amides of FGF-1 in the presence of heparin was calculated and mapped to the secondary structure of FGF-1 ( seen in four overlapping peptides (12, 16, 17 
Discussion
At the peptide level, the HX determined flexibility of FGF-1 has shown that peptides that span strands 4 and 5 which form a hairpin-like structure along with turn 4 are rapidly exchanging with >60% of the theoretical exchangeable amides [ Fig. 4(A) ]. NMR studies have shown that the region which spans turn 4 has higher flexibility. 17 Interleukin 1b which exhibits strong structural homology to FGF-1 has also been shown to have relatively higher flexibility in turn 4. 17 Additionally, we have also seen peptides that span strand 7 and turn 7 possess greater flexibility. NMR studies find that the glycine at position 75 (proximal end of strand 7) exhibits the most rapid motion of all residues in FGF-1. 17 We see that C-terminal strand 12 has higher flexibility. This can be explained since other b-strands are involved 1  1  7  36  54  63  71  90  96  2  1  9  37  54  64  72  90  97  3  8  13  38  54  65  73  95  108  4  8  14  39  54  67  74  95  111  5  8  15  40  55  64  75  97  107  6  8  22  41  55  67  76  97  110  7  9  13  42  56  64  77  97  111  8  14  22  43  56  67  78  98  107  9  15  22  44  65  67  79  98  108  10  16  22  45  65  73  80  98  110  11  23  34  46  66  73  81  98  111  12  23  36  47  68  73  82  99  104  13  23  43  48  74  81  83  107 21  45  50  56  83  86  22  45  53  57  84  89  23  45  55  58  85  89  24  47  53  59  85  91  25  47  54  60  85  94  26  47  55  61  85  96  27  47  63  62  85  97  28  49  53  63  85  108  29  49  55  64  85  110  30  49  64  65  85  111  31  50  55  66  86  89  32  50  63  67  86  94  33  50  64  68  86  96  34  50  67  69  86  97  35  53  64  70 . Many molecular recognition processes involve induced fitting in which dynamic properties play an important role. Heparin binds and dimerizes FGF-1 and presents the growth factor to the receptor to form a ternary complex. The fact that the amino acid residues of FGF-1 that are involved in receptor binding remain flexible in the presence of heparin may reflect the ability of FGF-1 to have a broad-specificity for FGFRs. For the rigid regions, we observed peptides that span strands 2 and 3 which are involved in a strand pair are exchanging slowly as well as turns 2 and 3. In addition, we found peptides that span strand 6 and turn 6 are more rigid. This region appears to be a part of a core folding nucleus. Strands 8, 9, and 10 in the Cterminus region are also seen to be rigid. This is confirmed by NMR in which it is observed that the strands in the C-terminal region are more rigid than other strands that form the b-barrel.
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Upon analyzing HX-MS data at the residue level, residues with the lowest %HX values include a number of hydrophobic amino acids that contribute to the cooperative central hydrophobic core packing group, including Ile25, Phe85, Val109, Leu111, and Phe132.
11 The 14 residue region of positions 98-111 includes eight positions identified as being among the lowest %HX values (Fig. 5 ). This region comprises an extended structural loop in the third trefoil fold domain. Several of these positions have no direct structural equivalent in terms of the C 3 structural symmetry. In the crystal structure of FGF-1 bound to the FGFR-1 ectodomain (1EVT), this region of FGF-1 makes no contact with the receptor. 27 In the crystal structure of FGF-1 with FGFR2 and heparin (PDB accession 1E0O), 3 this region makes contact with the heparin fragment (Lys105, Trp107). In the crystal structure of FGF-1, FGFR1c and HS (PDB accession 3OJV) this loop makes no contact with the receptor or HS. 7 In the crystal structure of the FGF-1, FGFR2D2 and sucrose octasulphate (SOS) complex (PDB accession 3CU1), this portion of the molecule makes no contact with either receptor or SOS. Leu44 is related to Phe85 and Phe132 by the pseudo-threefold symmetry of the FGF-1 b- Figure 6 . Examples of the effects of different polyanions on the deuterium uptake in six representative segments from different regions of FGF-1. trefoil architecture. Unlike Phe85 and Phe132, however, Leu44 exhibits a distinctly larger %HX value. The crystal structure of FGF-1 identifies a cavity adjacent to Leu44 -large enough to accommodate the aromatic ring of a Phe mutation with no structural distortion. 11 Thus, the increased %HX at position Leu44 is most consistent with a core-packing defect (e.g., a cavity) that permits structural flexibility. The HX data for FGF-1 exhibits as expected a general trend of low HX for residues located in b-strands, and higher HX for residues in turn regions. From the crystal structures, the lowest average Ca B-factors are found in a generally contiguous region spanning residue positions 56-132 (i.e., approximately the C-terminal two-thirds of the protein). The majority of Ca positions exhibiting the lowest average B-factors in this C-terminal region are hydrophobic amino acids that contribute to the core packing group of the protein (including Ile56, Met67, Cys83, Phe85, Tyr97, Phe108, Val109, and Phe132). Residue positions exhibiting the lowest HX values include Phe85, Val109, Ile111, Phe132, and Leu133. Residue positions in this group also identified as buried hydrophobic amino acids exhibit the lowest B-factor values in the X-ray structure. Residue positions 44-55 (i.e., b-strands 4 and 5) are distinctive in exhibiting the highest HX values in the protein overall. The core-packing defects in the region of position 44 (i.e., at the interface of the first trefoil fold with the rest of the protein) thus not only increase the general atomic motion, but also the apparent solvent penetration of the N-terminal region described by b-strands 1-5. In this regard, b- strands 4-5 appear extremely sensitive to solvent penetration. The HX data are therefore consistent with the X-ray structure data-including isotropic B-factors and packing defects (i.e., cavities) within the core of the structure. The HX data identify increased solvent penetration for the b-4/b-5 strand region in comparison to B-factors for this region, which appear consistent with the presence of internal cavities.
A remarkable fact seen with all four polyanions is that the relative intensities of the DHX values among the individual peptides is in most cases highly similar. This suggests a high degree of specificity in the location of the polyanion binding sites using this method. FGF-1 is known to have high affinity for large negatively charged molecules like heparin, membrane bound HSPG as well as smaller polyanions. 28, 29 Studies show that various polyanions in FGF-1 solutions dramatically increase its stability and potency. 30 HSPGs also play a key role in the distribution of FGF-1 at the tissue level. Thus, polyanion binding appears to be playing a crucial role in the biological function as well as in the stability of FGF-1. A large number of crystallographic as well as NMR studies have revealed the amino acid positions associated with heparin binding in FGF-1. A specific cluster of basic amino acids with significant positive charge density in the Nterminus (first b-hairpin) and C-terminus (last twothirds of the third trefoil domain) are seen to be responsible for heparin binding. The above structural data has been complimented by a variety of function studies involving chemical modification, point mutations, deletions, homologous substitution mutations, and peptide-binding competition studies in combination with analytical ultracentrifugation, surface plasmon resonance and affinity chromatography. 14, [31] [32] [33] [34] In addition to sulfated heparin and similar molecules, it has also been found that phosphate and carboxyl containing compounds stabilize FGF-1 against thermal unfolding. The common feature in such compounds is the presence of one or more large negatively charged regions. As the number of sulfates, carboxylates and phosphates increase, the ability of such polyanions to stabilize FGF-1 also generally increases. In addition to electrostatic interactions, the trigonal pyramidal geometry of sulfates and phosphates makes it possible to form hydrogen bonds between charged groups. 35 Here we tested four polyanions, two sulfate containing polymers including heparin and low MW heparin and two phosphate containing compounds, Phytic acid and ATP. Using HX-MS, we were able to see strong protection in the C-terminal domain region as well as in the N-terminus regions which are rich in positively charged amino acids. At a residue level, heparin binding provides increased protection for amides within the first trefoil fold -especially positions 12, 13, 15, 44, and 45. Conversely, heparin binding does not alter the HX protection of residues within the second trefoil fold. In the third trefoil fold, heparin binding increases HX protection for residue positions 109-123, with the greatest decrease in HX rates observed for position 112 and 115. In the crystal structure of the ternary complex of FGF-1/FGFR2/ heparin (PDB accession 1E0O) bound heparin interacts (via salt bridges, H-bonds or van der Waals 
3 Thus, the increased HX protection upon heparin binding observed for residue positions 12, 13, and 15 in the first trefoil fold domain appear due to the interaction between heparin and adjacent Asn18. In this regard, local structural effects due to heparin binding seem to be communicated to adjacent position Leu44 (which also increases protection of Gln45). The increased HX protection of residue positions 109-123 in the C-terminus trefoil fold domain is consistent with extensive heparin interactions with residues in this region. In this regard, this part of FGF-1 is rich in basic amino acids which provide a charge partner to heparin sulfonate groups. In this region, Lys112 exhibits one of the major increases in HX protection, potentially identifying Lys112 as one of the more significant salt bridge interactions between FGF-1 and heparin. Similar regions of increased HX protection are observed for all polyanions. This involves primarily N-terminal residue positions 12, 13, 15, 44, and 45, and C-terminal positions 109, 111, 112, 115, 120, 122, and 123 (see Figs. S3, S4, and S5). The magnitude of DHX protection is, however, a function of the size/charge (charge density) of the polyanion. Thus, ATP exhibits the weakest overall DHX protective effect, while heparin exhibits the greatest (Fig. 8) . Low MW heparin exerts essentially identical DHX values as seen with heparin; the main distinction is a slight reduction of HX protection at residue positions 12, 13, 15, 112, and 115. Interestingly, the amount of heparin used was the lowest in terms of molar ratio with FGF-1 while ATP was the highest, yet the protection with heparin is more than ATP indicating the importance of a polyanion carrying more negative charges for strong affinity. It was also reported that heparin favors 2:1 and 3:1 FGF/heparin sulfate complexes as the protein concentration increased. 36 Binding of the comparatively small ATP polyanion exerts DHX effects that involve a characteristic distribution of N and C-terminus positions also associated with larger polyanion binding. This suggests a generalized induced-fit structural response associated with anion binding, which involves specific positions in the N-and C-termini trefoil-fold motifs. As discussed above, binding of anions at position Asn18 appears to communicate HX changes to adjacent positions 12, 13, 15, 44, and 45. Position 45 is associated with core-packing defects that may permit induced fit changes. In all cases of polyanion binding the central trefoil fold appears devoid of any large DHX effects; thus, the central trefoil fold region is not directly associated with anion-binding. This central region has been identified as a major part of the FGF-1 folding nucleus. 15 A "folding/function" tradeoff has been proposed for the general organization of the FGF-1 primary structure (potentially a general theme in protein evolution), 15, 37 and the HX data supports this hypothesis, in which heparin strongly interacted with the functional C-terminus while no substantial interaction is seen in the core folding region of FGF-1.
Materials and Methods
Materials
LC-MS grade water, acetonitrile and 0.1% formic acid in water were obtained from Fisher Scientific (Fair Lawn, NJ). Deuterium oxide (991%D) was purchased from Aldrich. The anhydrous form of sodium phosphate dibasic and sodium phosphate monobasic monohydrate were obtained from Research Products International (Mt Prospect, IL). Heparin (Average MW: 13.5--15 kDa) was purchased from Calbiochem. Low MW heparin (Average MW: 5.5-6.5 kDa) and ATP were obtained from Sigma-Aldrich. Phytic acid sodium salt hydrate was purchased from Sigma.
Expression and purification of His-tag FGF
N-terminus His tag FGF-1 was expressed and purified as previously described. 11 An extinction coefficient of E 280nm (0.1%, 1 cm) 5 1.26 was used for concentration determination.
Hydrogen exchange mass spectrometry
For the unliganded state, the stock solution of FGF-1 was diluted to 0.58 mg/mL using 6 mM phosphate buffer containing 150 mM NaCl at pH 7.4. For the polyanion bound state, the stock solutions of FGF-1 and polyanion (heparin and low MW heparin) are diluted to 0.58 and 0.116 mg/mL (1:0.2 by weight of FGF-1), respectively. In the case of phytic acid and ATP, the FGF-1 and ligand were diluted to 0.58 and 1.16 mg/mL (1:2 by weight), respectively. In terms of molar ratios, for phytic acid and ATP bound states the protein was at a [FGF-1]/polyanion molar ratio of 0.02 and 0.015, respectively. For heparin and low MW heparin bound states, the [FGF-1]/polyanion molar ratio are 4 and 2, respectively, since increased concentration of those polymers inhibited FGF-1 ionization confounding mass spectrometry analysis. HX-MS experiments were performed using a QTOF mass analyzer (Agilent 6530, Santa Clara, CA) with a three pump LC system (Agilent 1260, Santa Clara, CA). An H/DX PAL robot (LEAP Technologies, Carrboro, North Carolina) was used for sample handling, preparation and injection. To initiate the HX process, 4 mL of protein stock was diluted at a 1:10 ratio with 36 mL of labeling buffer (6 mM sodium phosphate containing 150 mM NaCl at pD 7.3) containing either no polyanion (free state) or with polyanion (bound state) prepared in deuterium oxide. The reaction mixture was then incubated at 158C for six time periods of 13, 100, 1000, 10,000, 30,000, and 86,400 s prepared in triplicate. Thirty microliters of the labeled reaction mixture was then transferred and mixed with 30 mL of quench buffer (4 M Gdn-HCl, 0.2 M sodium phosphate, pH 2.5) at 08C for 60 s to stop the exchange process. Fifty-five microliters of the quenched sample was then injected into the 100 lL sample loop of a refrigerated column compartment connected to an Agilent 1260 infinity series LC, in-house built immobilized pepsin column, a peptide desalting trap, and a C18 column (Zorbax 300SB-C18 2.1 3 50 mm, 1.8 lm particle diameter, Agilent, Santa Clara, CA). The temperature of the column compartment was maintained at 18C to minimize the extent of back exchange. Peptides were eluted using an LC method that was described previously. 22 To minimize the peptide carry over in the immobilized pepsin column from previous runs, the pepsin column was washed between each HX run using a procedure described previously. 38 The extent of deuteration in each peptide was measured using a Q-TOF mass spectrometer, equipped with a standard electrospray ionization source operated in positive mode. Collision induced dissociation and MS/MS analysis were used to generate a peptide map of FGF that covered 100% of the FGF sequence with 90 peptides. The peptides are numbered sequentially from the N-terminus to the C-terminus (see Table SI ).
Data analysis
HD Examiner 2.1 software (Sierra Analytics, Modesto, CA) was used to analyze the HX data. For backbone flexibility, we quantified the fraction of exchange after 13s (the shortest time point possible with our system) as described previously. 18 For mapping the binding site, the deuterium uptake of the peptides at each time point was exported from HD Examiner. For each peptide, information from all time points was combined into a single DHX value representing the average difference in deuterium uptake between bound and free states, normalized for peptide length as indicated in Eq. (1),
where n HX is the number of HX labeling times, D max is the theoretical maximum deuteration, m a;i is the average mass of the peptide in the bound state at the ith HX timepoint, and m b;i is the average mass of the peptide in the free state at the ith HX timepoint. For each peptide, D max was considered to be the total number of residues in the peptide minus the number of proline residues and the first two Nterminal residues. The absolute DHX values of all the peptides were then pooled and an algorithm employing K means clustering was run to classify the data set into two clusters. We then used the following classification system to define protection sites on FGF-1. Cluster one peptides that have strong negative DHX values are defined as strongly protected sites on FGF, while cluster two as weak and non-significant. The strong protection category reflects polyanion binding, while intermediate/insignificant protection is considered to reflect allosteric effects and structural changes. Overlapping residues that fall in both strong and weak protection classifications were considered strongly protected. The standard error in DHX was then considered to be as indicated in Eq. (2) below, an analysis based on propagation of the standard error in triplicate measurements through the DHX calculations. To set the confidence interval, we have taken a "3r" confidence interval (633E DHX ).We used the following coloring system with the crystal structure of FGF-1. Strong protection is colored dark blue and weak/non-significant as gray.
where (n rep 53) triplicate data, s a;i and s b;i are standard deviation of replicates, s in state a and state b, respectively, at the ith time point, n HX is the number of HX labeling times and D max is the theoretical maximum deuteration.
Heat map for the change in HX of FGF-1 alone for buried amide positions
This study characterizes a series of 90 peptides generated by a pepsin digest of FGF-1 after HX. The set of 90 peptides spans the entire FGF-1 primary structure; however, assigning HX protection to specific amino acid positions is not straightforward since individual peptides span multiple amino acid positions, and individual amino acid positions can be included in more than one peptide. It should be possible, however, to generate position-specific data by alignment of the 90 peptides to the primary structure and then averaging the values for the set of peptides that span specific amino acid positions. Figure S1 shows how this calculation is performed for the data in Figure 4 (A). The peptides are color coded by a "heat map" that indicates their experimentally derived %HX. This heat map is calculated so that BLUE indicates the lowest observed HX and RED the greatest. As an example of the residue position calculation, peptides 11-16 overlap the position of Thr34; thus, the %HX for this position is the average value for this set of peptides (or 19.0%). For FGF-1 the resulting average %HX values for each buried amide position span a low of 4% (e.g.,
Phe132
) and a high of 55.8% (Ser47). For heat map coloring purposes to communicate these results, this range of values is normalized to span a Blue (4%) to Red (55.8%) scale. Due to the primary amine conversion at the first position of a peptide, and a corresponding influence upon HX for the second position, 39 the first two positions of each peptide are "greyed-out" in Figure S1 -indicating that no HX information is available at these positions. Thus, the %HX cannot be assigned for a small number (e.g., positions 23, 24, 74, 75, and 118) of the total set of buried amides; however, for all other buried amide positions an average %HX can be assigned (along with a corresponding heat map color).
Heat map for the change in hydrogen exchange of FGF-1 for buried amide positions in the presence of heparin 
B-factor analysis
A non-His-tagged form of FGF-1 crystallized in the P2 1 space group with four independent molecules in the asymmetric unit (2.0 Å resolution). 10 An Nterminal 6xHis-tagged form of FGF-1 crystallized in the C222 1 space group with two independent molecules in the asymmetric unit (1.65 Å resolution).
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Isotropic B-factors were refined in both crystal forms and residue positions 10-137 were ordered in all structures. The average Ca B-factors for positions 10-137 for the six independent FGF-1 structures were calculated and are shown in Figure S2 . Crystallographic B-factors are interpreted as indicating the motion or local mobility of the individual atoms (larger values indicating greater mobility). Isotropic B-factors reflect a model describing simple centrosymmetric vibrational motion (appropriate for 1.65-2.00 Å resolution data).
